Morphogens: Precise Outputs from a Variable Gradient  by Yucel, Gozde & Small, Stephen
framework for perception and action
planning. Behav. Brain Sci. 24, 849–937.
15. Loula, F., Prasad, S., Harber, K., and
Shiffrar, M. (2005). Recognizing people
from their movement. J. Exp. Psychol.
Hum. Percept. Perform. 31, 210–220.
16. Pavlova, M., Staudt, M., Sokolov, A.,
Birbaumer, N., and Krägeloh-Mann, I.
(2003). Perception and production of
biological movement in patients with
early periventricular brain lesions. Brain
126, 692–701.
17. Knoblich, G., Thornton, I.M., Grosjean,
M., and Shiffrar, M. (Eds.). (2005). Human
Body Perception from the Inside Out.
New York, NY: Oxford University Press.
18. Hecht, H., Vogt, S., and Prinz, W. (2001).
Motor learning enhances perceptual
judgement: a case for action-perception
transfer. Psychol. Res. 65, 3–14.
19. Proffitt, D., Stefanucci, J., Banton, T.,
and Epstein, W. (2003). The role of effort
in perceiving distance. Psychol. Sci. 14,
106–112.
20. Longcamp, M., Anton, J-L., Roth M., and
Velay, J-L. (2005). Premotor activations
in response to visually presented single
letters depend on the hand used to write:
a study on left-handers.
Neuropsychologia 43, 1801–1809.
1Department of Psychology, University
of Wales Swansea, Singleton Park,
Swansea SA2 8PP, UK. 2Psychology
Department, Rutgers, The State
University of New Jersey, Campus at
Newark, Smith Hall, 101 Warren Street,
Newark, New Jersey 07102, USA. 
E-mail: I.M.Thornton@Swansea.ac.uk;
knoblich@psychology.rutgers.edu
DOI: 10.1016/j.cub.2005.12.006
Dispatch    
R29Morphogens: Precise Outputs
from a Variable Gradient
The morphogen gradient as a source of embryonic patterning is one of
the best accepted concepts in developmental biology. Morphogens
can be transcription factors or extracellular signals, but in both cases
they are thought to provide concentration thresholds that position
different cell fates within the developing embryo. Several recent papers
examine the patterning activities of Drosophila Bicoid, the first known
molecular morphogen, and reach different conclusions about the
patterning power of a single morphogen gradient.Gozde Yucel and Stephen Small*
The idea that gradients of
morphogens are involved in
patterning complex embryo body
plans has a long history in
developmental biology. The
morphogen idea was first
postulated by Morgan at the
beginning of the 20th century, but it
was Wolpert [1] who refined the
idea in the 1960s. He proposed
that different genes would be
turned on in response to different
threshold concentrations of the
morphogen. In Wolpert’s French
flag model, these states were
represented by different colors,
with high concentrations turning on
a blue gene, lower concentrations
turning on a white gene, with red a
default state in regions of the
embryo below the threshold.
The first morphogen known
molecularly was Bicoid (Bcd), a
homeodomain-containing
transcription factor that is critical
for the establishment and
placement of all anterior
structures in the Drosophila body
plan. The experimental evidence
supporting Bcd as a morphogen
is very convincing. Embryos
containing different copy numbers
of the bcd gene show dramatic
shifts of landmark structuresalong the anterior posterior (AP)
axis [2]. For example, the cephalic
furrow, one of the first
distinguishable morphological
features, is shifted posteriorly in
embryos that contain four or six
copies of the bcd gene.
bcd mRNA is anchored by the
cytoskeleton to the anterior tip of
the oocyte (Figure 1A) [3]. When
eggs are laid, bcd mRNA is
translated, and a gradient of
protein is formed, with highest
levels near the anterior tip of the
embryo, and progressively lower
levels toward posterior regions
[4]. The shape of the gradient is
thought to be controlled by a
combination of the rates of
translation, diffusion, and
degradation.
While the Bcd protein gradient is
forming, zygotic nuclei are
undergoing ten very rapid division
cycles and migrate to the periphery
of the embryo and the early
cytoplasmic gradient is converted
into a nuclear gradient (Figure 1B).
The total amount of Bcd protein in
the embryo increases until the
beginning of division cycle 14, from
when its expression starts to
decline [4]. The peripheral
migration of the nuclei coincides
with the onset of zygotic
transcription, and the zygoticgenes hunchback (hb) and
orthodenticle (otd) are among the
first to be turned on by Bcd (Figure
1C). hb is expressed throughout
the anterior half of the embryo,
while otd is expressed in only the
anterior-most 30% [5, 6]. Initially,
these expression patterns are
diffuse, but they are refined during
nuclear division cycle 14, exhibiting
sharp posterior boundaries that are
precisely positioned along the AP
axis and show very little variation
between individual embryos.
If otd and hb are regulated
primarily by Bcd dependent
activation, and if the Wolpert
model for morphogen activity is
Figure 1. The Bicoid gradient.
bcd mRNA (A) and protein (B) expression
in early Drosophila embryos. (C) A
schematic model of Bcd morphogenetic
activity showing two target genes (hb and
otd) that may respond to different con-
centration thresholds. (A,C) Reproduced
with permission from [18]. (B) Repro-
duced with permission from the embryo
tu9 entry of the FlyEx database (Copyright
1998, David Kosman and John Reinitz).
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R30Figure 2. Expression pattern of the Bicoid target gene hb.
Hb mRNA (A,B) and protein (C,D) expression patterns in Drosophila. The left column
shows expression during early cycle 14, while the right column shows mid-cycle 14.
Fluorescence intensity plots (E,F) are shown for the protein expression patterns in (C)
and (D), respectively. Adapted with permission from [19].
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Current Biologycorrect, there should be a tight
correlation between the shape of
the Bcd protein gradient and the
positions of the posterior borders
of target gene expression
patterns. This idea was recently
tested for hb by two groups [7,8],
who carefully measured and
plotted the distribution profiles of
Bcd and Hb in cycle 14 embryos.
Both groups reported a great deal
of variation in the shape of the
Bcd gradient at this stage, but an
extremely precise output as
measured by the posterior border
of the Hb protein expression
domain. Because of the disparity
between the apparent input and
output profiles, they concluded
that the robustness of the Hb
expression pattern must be
controlled by a mechanism other
than a threshold-dependent
activation by the Bcd gradient.
Of course, one possibility is that
other genes, perhaps coactivators
or localized repressors, may be
involved in the precise activation
of hb, and Houchmandzadeh et al.
[7] measured the Hb expression
pattern in a number of
segmentation mutants and in
embryos lacking whole
chromosome arms. They found
one such mutant, staufen, which
showed a dramatic change in the
precision of the Hb pattern [7].
Previous work suggested thatstaufen is required for the polar
localization of several mRNAs,
including bcd [9], which might
explain the reduced precision of
the Hb output. However, the
analysis of subsets of staufen
mutant embryos suggested that
the variability of Hb boundary
positioning is not caused by
changes in Bcd protein
distribution, and that the ‘filtering’
effect of Stau might function
downstream of or coincident with
Bcd-dependent activation [7].
In a recent Current Biology
paper, Crauk and Dostatni [10] re-
examine the otd and hb
expression patterns, this time
looking at mRNA instead of
protein. Both genes show mRNA
expression domains that are both
sharp and precise, suggesting
that both properties are controlled
at the transcription level. They
also analyze a lacZ reporter gene
that contains only Bcd binding
sites upstream of the transcription
start site. This reporter shows
sharp and precise expression,
suggesting that Bcd alone is
sufficient to position an on/off
target gene expression pattern.
This is consistent with the
classical morphogen hypothesis
and in conflict with the idea that a
separate filter is involved in
positioning Bcd-dependent
expression patterns. To determinewhether this type of patterning
activity is a unique property of the
Bcd protein, Crauk and Dostatni
[10] create embryos in which the
mRNA for the yeast transcription
factor Gal4 is anchored to the
anterior embryonic pole. This
creates a gradient of Gal4 protein
in the early embryo, which
activates expression of a Gal4-
responsive transgene in a pattern
that is nearly as sharp and precise
as that driven by their Bcd-
responsive transgene.
How can these results be
reconciled with the observation
that the Bcd gradient is highly
variable during cycle 14? We
propose that at least part of the
answer lies in the timing. First, the
measurements of the Bcd gradient
profile during cycle 14 [7,8] may
not accurately reflect the shape of
the gradient at the time when it is
involved in activating transcription
of its target genes in cycles 11
through 13. As noted above, Bcd
concentration has begun to fade
at this stage [4], and the variations
among individual embryos may
reflect different stages of a dying
gradient.
Cycle 14 may also be too late to
measure the responses of target
genes to the Bcd gradient. For
example, the Hb expression
pattern at this stage is a
combination of Bcd-dependent
and Bcd-independent activation
(Figure 2). The latter includes a
stripe of Hb expression at the
position of parasegment 4 (PS4)
and a posterior domain, which are
regulated by zygotic inputs [11].
The PS4 stripe overlaps with the
posterior boundary of the earlier
Bcd-dependent Hb expression
pattern, so it almost certainly
contributes to the robustness of
the posterior Hb boundary in
cycle 14 embryos. However, in
embryos that lack zygotic hb
function, but still produce Hb
protein, the PS4 stripe
disappears. This causes an
anterior shift of the posterior Hb
boundary, with very little
variability between individual
embryos [7]. Thus, a robust Hb
boundary can be formed in the
absence of the PS4 stripe, but it is
still not clear whether the Bcd
gradient can instruct formation of
such a border on its own.
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R31What is needed now is a careful
analysis of the dynamics of Bcd
gradient formation to assess
shape and variation at earlier time
points. One possibility is to
examine a fluorescent Bcd fusion
protein in live embryos, which
would permit the analysis of the
gradient in real time. Also, it will be
important to simultaneously
visualize the Bcd gradient and the
mRNA expression patterns of
several different target genes. This
timing issue must be resolved
before more ‘filtering’ systems are
proposed in the complex hierarchy
of genes that pattern the embryo.
However, if a simple gradient
mechanism is sufficient to make a
robust on/off expression pattern,
as Crauk and Dostatni [10]
suggest, what mechanisms might
be involved in the sharpening
process? One possibility is
cooperative binding to DNA and
Bcd, which binds as a monomer,
has been shown to bind
cooperatively to sequences
containing several tandem sites
[12,13]. Using an elegant dual
reporter system, Hanes and
coworkers [14] have isolated two
mutants that reduce cooperative
binding by Bcd to DNA in vitro
and in yeast, but do not appear to
affect DNA recognition, protein
stability, transcriptional activation,
or nuclear import. When
transgenes expressing these
mutant forms of Bcd are used to
rescue bcd mutants, 37% and
69% of the embryos die, with a
large percentage showing larval
head defects [15]. The posterior
hb border is also more variable in
embryos containing only these
mutated versions of Bcd. These
results suggest that cooperative
binding is required for Bcd
patterning activities in vivo.
Interestingly, Gal 4 has also been
shown to bind cooperatively to
tandem DNA sites [16], which
could contribute to the sharp
boundary of expression directed
by a gradient of this protein in the
embryo.The morphogen concept has
captivated the imagination of
researchers in large part because
of its beautiful simplicity. However,
it is clear that the Bcd gradient is
only one part of a large network
that controls anterior posterior
patterning in the fly. Even at the
single target gene level, it is clear
that other factors are involved in
Bcd-dependent patterning. For
example, Simpson-Brose and
coworkers [17] showed that
several Bcd target genes (including
hb) require the combined activities
of Bcd- and Hb-mediated
activation. To test this further, we
have recently used a bio-
informatics approach to isolate
novel Bcd-dependent regulatory
elements, bringing the total
number of known Bcd targets to 21
[18]. All of these contain clusters of
Bcd sites, but the great majority
also contain significant clusters of
predicted Hb and/or Kruppel sites,
which may cooperate with or
restrict Bcd-dependent activation.
More work will be required to show
that the computational predictions
are correct, but these results
suggest that combinatorial control
is at least as important as the Bcd
gradient for anterior embryonic
patterning.
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